Abstract-We have investigated the use of microwave heating and radiometry to safely heat urine inside a pediatric bladder. The medical application for this research is to create a safe and reliable method to detect vesicoureteral reflux, a pediatric disorder, where urine flow is reversed and flows from the bladder back up into the kidney. Using fat and muscle tissue models, we have performed both experimental and numerical simulations of a pediatric bladder model using planar dual concentric conductor microstrip antennas at 915 MHz for microwave heating. A planar elliptical antenna connected to a 500 MHz bandwidth microwave radiometer centered at 3.5 GHz was used for noninvasive temperature measurement inside tissue. Temperatures were measured in the phantom models at points during the experiment with implanted fiberoptic sensors, and 2-D distributions in cut planes at depth in the phantom with an infrared camera at the end of the experiment. Cycling between 20 s with 20 Watts power for heating, and 10 s without power to allow for undisturbed microwave radiometry measurements, the experimental results show that the target tissue temperature inside the phantom increases fast and that the radiometer provides useful measurements of spatially averaged temperature of the illuminated volume. The presented numerical and experimental results show excellent concordance, which confirms that the proposed system for microwave heating and radiometry is applicable for safe and reliable heating of pediatric bladder.
cell death when heated compared to healthy cells, but hyperthermia is most often given in combination with radiation or chemotherapy where it can significantly improve the treatment outcome [3] . Microwave applicators range from large waveguides [4] to conformal array configurations [5] [6] [7] [8] , where the former variant typically is used for well-collimated deeper penetration while the latter in general performs better for larger areas of superficial tissue. The effectiveness of hyperthermia treatments is closely related to the applied thermal dose, typically in the range of 41-45
• C for 60 min. Thermal dosimetry for feedback control of hyperthermia treatments is generally provided with a number of temperature probes, either invasive or on the skin surface. Also infrared thermography has been used for 2-D dosimetry of skin surface distributions [9] and magnetic resonance imaging [10] [11] [12] and microwave radiometry [6] , [13] are under investigation for temperature monitoring of 3-D volumes at depth in the body.
Vesicoureteral reflux (VUR) is a pediatric urinary tract disorder that allows flow of urine from the bladder back up the ureters and into the kidney. Primary VUR occurs when a child is born with an impaired valve for blocking the urine to reflux from bladder to kidneys, and secondary VUR can occur when there is a blockage that hinders the normal urine flow. For both situations, infection is the most common symptom of this disease, but for secondary VUR infections may also be the cause of the urine reflux. Imaging techniques such as ultrasound imaging may be used to diagnose certain bladder and kidney abnormalities, but cannot reveal important ureter valve function with sufficient accuracy. Functional imaging techniques such as voiding cystourethrography, requires a catheter into the bladder and ionizing radiation [14] , [15] . These techniques are invasive and should be avoided especially in children.
A new noninvasive method for primary VUR detection was conceptually presented by the authors in [16] [17] [18] . The concept is based on heating of the pediatric bladder and radiometric measurement of temperature rise in the kidney. Preliminary results using animal experiments are promising [19] , [20] . In this paper, we investigate the task of heating a pediatric bladder safely using microwaves for both heating and radiometry.
The paper is organized as follows: In Section II we present the microwave theory and background related to the pediatric bladder application, in Section III we present numerical and experimental results for microwave heating and radiometry, in Section IV we discuss our findings before we conclude our paper in Section V.
II. METHODOLOGY

A. Pediatric Bladder
The pediatric bladder is assumed to be filled with approximately 100 ml urine before a vesicoureteral reflux event. This corresponds to a completely filled bladder of a small child at the age 1-3 years [17] . The placement of the bladder is in the lower abdomen, under skin and fat layers. The bladder wall is assumed to consist of a thin layer of muscle. As the microwave loss in muscle and urine is high, we can in most cases ignore the underlying internal organs in the microwave analysis.
Heating of the bladder is done using one dual concentric conductor (DCC) heating antenna at 915 MHz made on two-sided RO4035B laminate with thickness 1.524 mm and a dielectric constant = 3.56. The DCC antenna consists of a front surface copper foil sheet with a central 25 mm square patch surrounded by a 2.5 mm gap to the surrounding ground plane while the back surface consists of microstrip feed lines connecting to the center of each side of the square patch through four vias [21] [22] [23] . This particular design includes a 180
• phase delay in two adjoining sides of the square, resulting in an antenna with better penetration depth compared to the standard DCC due to phase addition of electric fields centrally from opposing sides of the slot radiator. A 5-mm-thick water bolus is placed under the heating antennas to control the skin temperature. This technique has been applied for microwave hyperthermia treatment of breast cancer, and has been shown to be an effective approach for increasing the depth of the maximum temperature during heating [24] , [25] .
The chosen radiometric antenna has a microstrip feed, elliptically shaped patch on the back side and a larger elliptically shaped aperture on the front size facing the load. This particular elliptical antenna has previously been applied in ultrawideband radar applications [26] and for radiometry [27] , [28] by the current authors. The radiometric antenna is placed side-by-side with the heating antenna, both angled toward the center of the bladder. Depending on the child size, their normal vectors are expected to be in the range θ = [45, 90] degrees. The conductive and convective mixing of the urine temperature inside the bladder makes the system robust against antenna placement and focus, as long as the main lobe of the antenna totally overlaps with some part of the bladder.
B. Microwave Heating
The spatial distribution of heat induced with electromagnetic waves of any object strongly depends on the dielectric properties of the medium. For heterogeneous living body tissue, the spatial mix of different tissue types, varying water content and vasculature network make accurate electromagnetic and thermal simulations an almost impossible task for a specific patient.
In order to obtain some insight into the microwave heating ability of our system, we have investigated a basic setup with layered materials of heterogeneous dielectric properties close to relevant body tissues, but without any vasculature network. This allows a general investigation of the heating properties where the main limitation is that a relevant stationary heat balance cannot be obtained as the body heat source and heat sink functions are ignored. Even so, the immediate and transient heat buildup will be close to what is expected for living tissue [29] .
The experiments were carried out using a heating cycle where the microwave power is turned ON for a given time and then turned OFF for the remaining part of the cycle; a similar procedure as the one used by the current authors in animal testing of bladder heating [19] , [30] . The OFF-time in the cycle allows time for cooling of perfused skin relative to nonperfused urine in the bladder, but most important, it provides measurement periods for the microwave radiometry without interference from microwave heating.
C. Microwave Radiometry
For microwave radiometric analysis, layered tissue dielectric properties also represent a simplified model of complex heterogeneous tissue, but in this case the missing vasculature network and its convective heat transportation properties play a less important role.
For frequencies in the microwave band, the noise power from blackbody spectral radiance of a source at temperature T can be approximated by [31] 
where k is the Boltzmann constant and B is the bandwidth of frequencies considered. Introducing spatial distribution of heat and dielectric properties and ignoring all frequency dependency inside the observed bandwidth, the antenna power at time t can be written as
where T (t, x, y, z) is the spatial temperature distribution at time t and W (x, y, z) is a weighting function depending on a combination of antenna efficiency, the dielectric properties and the mass of illuminated tissue (or load) and the electric fields from the antenna. From the reciprocity theorem, the weighting function can also be found from the SAR or power deposition pattern of the antenna for specific loads. Note that a similar formulation using the brightness temperature T B can be found in [32] , where also system noise and external interference are included. The microwave radiation from the human body has extremely low power levels. It is thus crucial to have a stable and sensitive radiometer to be able to detect the small variations from temperature differences of 1
• C or lower. In our investigation, we have used the Dicke radiometer presented by the current authors in [28] , in which the Dicke switch in front is used to protect the low noise amplifiers in the radiometer from high power microwave heating signals.
The antenna brightness temperature is calculated from the antenna power P A (t) using a linear interpolation
where P h and P c are the measured powers with a hot and cold load of known temperatures, T h and T c , respectively. The raw data measurements consist of alternating readings of noise power from the antenna and 50 Ω reference load, at a rate of approximately 40 samples per second. The Dicke method used the measurement from the 50 Ω load to correct for systematic gain variations in low noise amplifiers of the radiometer [33] , giving an effective sampling rate of approximately 20 samples per second.
For each 10 s time slot without microwave heating, the median value of the Dicke adjusted radiometric measurement is used to calculate the antenna brightness temperature T B (t). To investigate the variance of this antenna brightness temperature estimate, we have taken 1000 bootstrapped medians using resampling with replacement of the original data and calculated the standard deviation [34] .
D. Phantom Models
To evaluate the microwave heating and radiometric performance in this medical application, we have investigated an experimental setup with solid phantoms based on [35] . A low permittivity phantom that simulates fat was fabricated, consisting of 55% ethanediol (glycol), 5% gelatine, 40% polythene powder (EPG), and a drop of detergent to make the mixing easier. A muscle tissue-equivalent phantom was fabricated similarly, with 48% ethanediol, 40% water, 2% salt/NaCl and 10% gelatine (EWSG). These phantoms where chosen partly because of their dielectric and thermal properties which closely resemble that of fat and muscle, as summarized in Table I , but also for their ease in cutting and shaping which facilitates thermal evaluation of the layered phantom using an infrared camera.
As the main focus of this study involved numerical and experimental verification of the combined system performance, we decided to use the muscle phantom also for mimicking the urine content in the bladder. Urine has a real permittivity close to that of DI water, but the dielectric loss is approximately twice as high as muscle tissue [18] . This leads to more power deposited and radiating in microwave heating and radiometry, respectively. The simplification using muscle tissue throughout the phantom model thus represents a worst case scenario in terms of illuminated bladder target.
Layout of the solid phantom model is shown in the left plot of Fig. 1(a) . This model consists of ESWG muscle phantom in the middle with a total size of 100 × 100 × 90 mm 3 . The ESWG phantom is cut in the middle to allow for rapid separation in order to make a horizontal plane temperature measurement at depth in phantom with the infrared camera. The picture shows the lower part of the muscle phantom together with the fat layers split apart to the side and fiber optic temperature probes for correlation with the 2-D distribution measured by the infrared camera. 1 The two EPG fat layers, with sizes 85 × 60 × 5 mm 3 and 60 × 60 × 5 mm 3 , are positioned at one corner of the muscle phantom so that the two layers are perpendicular, giving an angle θ = 90
• between the antennas, as shown in the numerical model in Fig. 1(b) . The thickness of the fat a layer is a very important parameter for the specific absorption rate (SAR) of the antennas, but the length and width do not change antenna performance as long as the antenna ground plane is smaller than these layers.
Fiber optic temperature probes 2 were placed at the interface between the fat and muscle layers in the center underneath both the radiometric and heating antenna, in addition to one probe positioned approximately 15 mm from the corner in the horizontal cut plane between the two blocks of muscle phantom.
The water bolus is placed between the fat layer and the microwave heating antenna, and a constant temperature at the water bolus inlet is obtained using a closed loop fluid system with peristaltic pump, air trap, and a heat exchanger in a temperaturecontrolled water bath. An overview of the experimental setup is shown in Fig. 1(c) .
E. Numerical Simulations
Extensive numerical simulations were carried out to provide more details and validate the conclusions of our microwave heating and radiometry model experiment. These simulations were carried out using the following commercial software: CST Microwave Studio 3 for electromagnetic waves and SAR calculations, Comsol Multiphysics 4 for temperature analysis, and MATLAB 5 for signal/temperature inversion and the final preparation of results.
A numerical model with the same dimensions as the experimental model was built in CST Microwave Studio. Standard material properties were used for copper (annealed) and distilled water, while the PCB laminates of the antennas were specified using parameters from the supplier (RO4350B). For the EPG and EWSG phantom, we imported measurements of dielectric properties taken with a commercial dielectric probe and a network analyzer. 6 The measured dielectric properties were taken (5), DCC antenna (6), Luxtron fiber optic temperatures measurement system (7), water bolus inlet (8), water bolus outlet (9), air trap (10), heat exchanger with temperature controlled water bath (11) and peristatic pump (12). at a temperature T = 20
• C, and they were assumed to be independent of temperature changes in the numerical model. The resulting numerical model is shown in Fig. 1(b) . The water bolus under the heating antenna is set to have a uniform flow in positive x-direction, with a constant water temperature along the inlet surface.
The specific absorption rate (SAR) distributions for both antennas were calculated from the numerical simulation. The SAR results from the DCC antenna were used in temperature simulations with the same ON/OFF heating cycles as in the experimental setup, and resulting spatial temperature distributions were used to calculate the numerical radiometric signal resulting from the SAR of the elliptical antenna from (2).
III. RESULTS
A. Phantoms
The measured dielectric properties of distilled (DI) water, EGP, and EWSG are shown as a function of frequency in Fig. 2 , as solid, dotted, and dashed lines, respectively. The thick lines are the real part of the permittivity, or the dielectric constant, Re[ ], while the thin lines show the conductivity σ. DI water has a high dielectric constant close to 80, and an increasing loss from approximately 0.2 to 3.7 S/m in this frequency range. The EGP fat phantom has a low dielectric constant close to 5 and low loss, while the EWSG muscle phantom has an almost linearly falling Re[ ] from 50 to 30 in this frequency range with a significantly higher loss than both EGP and DI water.
B. Antennas
The specific absorption rate (SAR) for the DCC antenna obtained from simulation and experiment is shown in upper and lower row of Fig. 3 , respectively. The level is normalized according to the highest value in the results, and contour lines correspond to dB values of −20, −16, −13, −10, −6, and −3 dB going from white to black color. SAR results for the DCC and elliptical antennas are verified experimentally using a large scantank filled with liquid muscle phantom exclusively, and a similar layout is used for the numerical simulations. The coordinate system of the results are then mapped to the experimental antenna setup shown in the right part of Fig. 1 . Note that the use of a large muscle phantom/model only applies to the results in this antenna SAR section, and not to the full experimental and numerical model in the later sections.
The upper left plot in Fig. 3 shows the SAR level of the DCC antenna at position y = −45 mm, that is, after passing through the water bolus and fat layer, and 5 mm into the muscle phantom. The 180 degree phase delay in the DCC feed lines at two adjacent sides of square slot aperture creates a strong effective electromagnetic field in the two opposite corners located at (x, z) = (−35, 15) mm and (−5, −15) mm, respectively, producing the diagonally orientated elliptical shaped black (−3 dB) region. Further into the tissue, shown in the upper row of Fig. 3 , the numerical results clearly show a reduction in size of the SAR pattern and a trend toward more circularly shaped central heating region. The conductivity of this phantom at f = 915 MHz is σ = 1 S/m, giving a skin depth for plane waves close to 16 mm. This corresponds well within an attenuation of approximately −3 dB/cm from the black −3 dB contour at y = −45 mm to the brighter −6 dB contour at y = −35 mm, shown in upper first and third plot from left in Fig. 3 , respectively.
The measured SAR of the DCC antenna is shown in the lower plots of Fig. 3 . The contour shapes for lower levels are typically less smooth than the numerical results, but the −3 and −6 dB contour lines show approximately the same attenuation levels. The diagonally oriented heating pattern is pronounced at all depths in the measured results, more than observed in the numerical SAR results.
Numerical SAR results from the elliptical antenna are shown in the upper row of Fig. 4 . In the upper left plot of Fig. 4 , the dark −3 dB SAR contour level at position x = −45 mm has an almost circular shape. This SAR result is after passing through the fat layer and 5 mm into the muscle tissue, and further into the muscle tissue the level is clearly damped, as shown in the upper row of Fig. 4 . At x = −35 mm, only the −16 and −20 dB levels are visible, which corresponds well to the higher loss, and correspondingly shorter skin depth, in muscle tissue at f = 3.5 GHz. The experimental results, shown in the lower row of Fig. 4 , are close to the numerical results with two exceptions: The SAR at x = −45 mm has some irregularities in the low level dB contours, and the SAR level appears slightly less damped in the experimentally obtained results.
In Fig. 5 , we show the measured S-parameters for the two antenna system consisting of the elliptical and DCC antennas. The reflection coefficient of the elliptical antenna, S 11 shown as a solid line, has a minimum of approximately −17 dB at f = 2.7 GHz. However, this is a wideband antenna with S 11 < −10 dB for 2.3 GHz < f < 4 GHz. The DCC antenna reflection coefficient S 22 , shown as a dashed line, has several resonances, e.g., around f = 1.1, 2.0, 2.6 and 3.5 GHz. At the specific heating frequency, f = 915 MHz, we find that S 22 −8 for this experiment. The transmission coefficient between the two antennas, S 12 shown as dashed-dotted lines, is approximately −40 dB below 1.5 GHz, and the damping between the antennas is greater than 60 dB in radiometer frequency range, 3.25 GHz < f < 3.75 GHz.
C. Heating Experiment
The Luxtron probe temperature measurements obtained during the heating of the phantom model are shown in Fig. 6(a) . The microwave heating starts at t = 30 s, and the probe in the fat/muscle interface under the DCC antenna (marked with TX and with a dashed line) shows a rapid increase in temperature from approximately 17.5 to 28
• C during the 13 heating cycles ending at t = 420 s. At the end of each 30 s cycle, the 10 s with no power is also visible as the temperature rises more slowly or even decreases. The temperature in the fat/muscle interface under the radiometric antenna, marked with RX and shown as a dashed-dotted line in Fig. 6(a) , is almost constant just below 21
• C during the whole experiment. The temperature inside the muscle phantom falls between the TX/RX probes, and shows an increase in temperature from 18 to 26.5
• C. The in-depth temperatures of the fat and muscle phantoms are taken approximately 2 min after the final heating cycles, and the temperature results are shown in Fig. 6(b) . Note that the placement of these cut planes are located under the heating and radiometric antennas, as indicated by the dark box in Fig. 1(b) and the dotted lines in Fig. 1(c) . The z = 0 layer shows that the temperature is above 27
• C in the elliptical region bounded by −37 mm < x < −25 mm and −42 mm < y < −34 mm. From this heated region, the temperature drops to approximately 21
• C both toward the x = −50 mm and y = −50 mm borders. Under the heating antenna, at the y = −50 mm surface, we find an elevated temperature in one of the corner of the antenna, but most of this surface is cooled by the cold water bolus to 18
• C. Under the radiometric antenna, at the x = −50 mm surface, we do not observe any heated regions.
In Fig. 6(c) , we have shown the temperatures in the numerical simulation of the solid model, located at (−20, −50, 0), (−50, −35, 0) and (−35, −35, 0) mm, respectively. These locations are at approximately the same points as described in the experimental setup shown in Fig. 6(a) . For the numerical results, the ON/OFF microwave power in the heating cycles are easily identifiable for both the intersections between fat and muscle under the heating antenna and inside the muscle phantom, shown as dashed and solid lines in Fig. 6(c) , respectively. The corresponding temperature elevations are 17-29
• C (experiment) and 19-27.5
• C (simulation). Finally, under the radiometric antenna we find a small increase in temperature from 20 to 20.5
• C during the full heating experiment, from thermal conduction.
The muscle surface temperature at t = 540 s, two minutes after the last heating cycle in the numerical simulation, is shown in Fig. 6(d) . The region above 27
• C at the z = 0 mm surface is elliptically shaped and bounded by x ∈ [−34, −24] mm and y ∈ [45, −37] mm. Compared to the experimental results in Fig. 6(b) , the high temperature area seems more compressed toward the y = −50 mm border. We find the highest temperatures on the y = −50 mm cut-plane located beneath one corner of the DCC antenna, a similar position as seen for SAR for this antenna in Fig. 3 . At the x = −50 mm muscle surface, we find a smooth transition of temperature from a central hot region around y = −35 mm, near where the radiometric antenna center is placed, to the corner of the muscle phantom where the inlet of the cooling water bolus is located. Fig. 7(a) shows the radiometric results during heating of the solid phantom model. The maximum sampling rate of the power meter reading the radiometer output is Δt = (1/200) s, but reading the 50Ω load in the Dicke radiometer and limitation in the supporting software brings the effective sample rate down to approximately 1/20 s. During microwave heating, as the Dicke switch is temporarily locked to the 50Ω load to protect the sensitive input, the power output jumps well above the −33.65 dBm level and the heating intervals (with no radiometric readings) are clearly visible. The in-between 10 s radiometric raw data readings have large variation, but it is still possible to identify the small increase in average power which is proportional to rise in phantom temperature.
D. Radiometric Temperature
In Fig. 7(b) , we have shown the antenna brightness temperature after calibration of the radiometer using hot (25.5
• C) and cold (1.7
• C) loads. The loads in the calibration measurements were identical to the radiometer setup, using the elliptical antenna and temperature stabilized fat and muscle layers. The median result during the 20 s radiometric reading periods are shown as a filled black circle, while the vertical solid lines show the estimated standard deviation. The radiometer antenna brightness temperature starts at 19.5
• C and is clearly seen to increase about 1.5
• C during the experiment, even though the individual radiometric reading periods show some variation. Finally, the squares in Fig. 7(b) show antenna brightness temperature using (3) and the numerical simulation of this heating experiment. These results show an almost linear increase in temperature during the experiment from approximately 19.5
• C to 21
• C as would be expected from constant applied power from the heating antenna. 
IV. DISCUSSION
The fat and muscle phantoms, EPG and EWSG, respectively, have dielectric properties close to what is expected for human tissue at f = 1 GHz [35] . A wide frequency range is needed for microwave heating and radiometry. The results in Fig. 2 can be compared to several measurement results from human tissue in the literature [36]- [38] . The EPG has a low dielectric constant (Re[ ]) and low loss (σ) for f ∈ [0.8 − 4] GHz, in accordance with reports in the literature for fat and low water content tissue, but the linearly decreasing Re[ ] and increasing σ are significantly steeper for the EWSG phantom compared to results from human muscle tissue. This discrepancy may influence the radiometric measurements, but the change to a more clinically realistic urine filled pediatric bladder will produce an even larger change in dielectric properties than this small difference between real muscle and EWSG phantom. In addition, both body tissues and phantoms have temperature-dependent dielectric properties. The temperature dependency in body tissues is typically in the range +/−2% per degrees Celsius [38] . Simulations results (not shown) indicate that the effect of this would be limited to a small displacement in the heated region, and that the antenna brightness temperature is in practice unaffected.
Using the reciprocity theorem of antennas which states that the power deposited in the tissue from a radiating antenna is identical to the spatial distribution of the received power from the radiating tissue in the antenna for a radiometric setup, we find that the elliptical antenna is well suited for this application. The S 11 results in Fig. 5 show that the antenna is wideband, and the SAR results in Fig. 4 show that the experimental antenna reaches deeper into the muscle tissue compared to the numerical simulations. The 180
• delay in feeding adjacent sides of the DCC antenna creates an elliptical shape in the heating pattern oriented diagonally across the square slot aperture. Numerically and experimentally obtained results of SAR and temperature patterns show that this antenna can be used to heat at moderate depths in the body.
The DCC antenna has a quite high reflection coefficient at f = 915 MHz, but the S 11 drops rapidly, and it has a clear resonance just above 1 GHz. The current DCC antenna design is based on experience in hyperthermia of recurrent breast cancer where mostly muscle tissue is expected, and where lower reflection coefficients have been observed [23] . The introduction of a fat layer in our VUR application does increase the resonance frequency of this DCC antenna, but an optimized antenna can clearly be obtained through small modifications of this design.
In the experimental model, both the muscle and the fat phantoms are initially at room temperature (20 • C), and the cold water circulation in the water bolus cools down the phantoms locally before the microwave heating experiment starts. This can easily be identified as lower temperatures measured by the Luxtron fiber optic sensor under the DCC heating antenna compared to the one under the elliptical radiometric antenna. Also the sensor inside the muscle phantom shows a lower temperature than room temperature.
During the heating, the observed temperature increase in the experimental setup strongly agrees with the numerical results.
The results show an increase of 1.5
• C of the antenna brightness temperature during the heating experiment. The antenna brightness temperature is the effective temperature increase in the total volume sensed by the antenna, spatially weighted by the specific absorption rate distribution such that the largest contribution to the antenna brightness temperature comes from fat and muscle tissue close to the antenna. Since the experimental temperature measurement shows an insignificant temperature increase at the fat/muscle interface, we conclude that the radiometric antenna brightness temperature is sensitive to the internal temperature increase inside the muscle phantom.
The final temperature results taken with the infrared camera show some discrepancy from the numerical results. The heating pattern in the experimental results has its maximum temperature deeper into the muscle tissue, and the heat is more concentrated at depth leading to reduced temperature rise in the fat layer near the radiometric antenna. Preliminary results from animal testing of this heating system [30] , showed that the urine inside the bladder had almost the same temperature. This is a result of natural convection in the bladder urine which effectively mixes heated liquid inside the bladder. In addition, the blood perfusion in biological tissues will reduce the temperature build up from microwave heating by dissipating the heat in the body. Numerical simulations using bio-heat equations for fat and muscle tissue, following the method in [25] , have shown a reduction of the maximum temperature in the model by approximately 1
• C. The bio-heat equations would be less important for a pediatric bladder, as the urine inside the bladder will act as a heat reservoir providing a stable temperature while the cooling effect from blood flow only interferes through heat convection at bladder walls. This differential buildup of heat in stagnant nonperfused urine inside the bladder compared to its surrounding tissue is magnified by the 10 s power-OFF intervals.
The observed radiometric signal during heating of the solid phantom model has large variance, but the measurements clearly follow the numerically simulated antenna brightness temperature. These results are promising and show that microwave heating and radiometry, as well as the chosen antennas and radiometer setup, are suitable for this application. The heating pattern inside this solid phantom result in a challenging radiometric setup where the warmest tissue is far from the elliptical antenna, but introduction of natural convection will distribute the temperature inside the bladder creating an almost constant temperature inside this volume. This leads to a larger volume with constant temperature close to the radiometric antenna, which increases the antenna brightness temperature compared to our solid phantom experiment.
The antenna brightness temperature T B (t) is a volumetric measure of the temperature seen by the antenna, as described in (3), but the maximum temperatures during microwave heating may be found by comparing with numerical modeling results. Temperature inversion methods using a single band radiometry and a priori knowledge of tissue parameters can also be used to estimate the urine temperature inside the pediatric bladder, following the method in [6] , and multiband radiometric measurements may improve this temperature estimate [32] , [39] .
The main limitation in the current prototype of the radiometer is the detector circuit, which in our case consists of a software controlled Dicke switch followed by a power meter that needs to read each sample of the alternating antenna and 50 Ω load (reference temperature). A crude statistical analysis based on the sampling interval internally in the power meter versus the sampling inherent with the controlling software (1/200 s and 1/40 s, respectively), tells us that we can expect approximately five times lower variance in the radiometric readings using an analog detection circuit with synchronized switching in this Dicke radiometer.
V. CONCLUSION
We have shown that the proposed microwave radiometer can do deep tissue temperature reading during microwave hyperthermia by modulating the heating power and performing the radiometric measurement during the OFF-period. The sensitive low-noise amplifiers in the radiometer need to be protected during the microwave heating, which can be solved by setting the Dicke switch on the radiometer front end to a 50 Ω reference load.
The results from a microwave heating system using 20 W from a single conformal DCC antenna at 915 MHz show that temperature inside a multilayer tissue phantom increases rapidly at depth, while cooling from the water bolus keeps the phantom surface less hot. The experimental and numerical results are in strong agreement, and shows that this microwave heating system is well suited for the task of heating of pediatric bladder located approximately 8 mm depth below the skin.
The proposed dual heating and radiometric monitoring approach appear well-suited for the intended clinical application in pediatric VUR detection.
Further research should include an analog detection circuit to reduce the variability and increase the sensitivity of the radiometer. The proposed dual heating and radiometric system should also be investigated for other medical applications, as, e.g., monitoring and control of superficial hyperthermia treatment.
